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DsbA, a disulfide bond catalyst, is necessary for realization of the pathogenic potential of Shigella flexneri.
Sh42, a mutant strain differing from wild-type M90TS solely because it expresses nonfunctional DsbA33G
(substitution for 33C at the active site), secreted less IpaB and IpaC than M90TS in response to various stimuli
in vitro. A Kkinetic study demonstrated that Sh42 responded more slowly to Congo red than M90TS. By
modulating relative concentrations of functional and nonfunctional DsbA within bacteria, functional enzyme
has been shown to be necessary for intercellular spread. By confocal microscopy, M90TS dividing in protru-
sions was shown to secrete Ipa proteins from the septation furrow, anticipating lysis of protrusions, while Sh42
showed minimal Ipa secretion in this location. In the light of a previous demonstration that DsbA is not
necessary for entry of epithelial cells, we conclude that a role in virulence of this disulfide bond catalyst lies
in facilitating secretion of Ipa proteins specifically within epithelial protrusions, in turn allowing cell-to-cell

spread of S. flexneri.

Shigella flexneri is an intracellular pathogen that causes the
acute infectious inflammatory enteritis in humans and pri-
mates known as shigellosis. In vitro, S. flexneri efficiently in-
vades cultured epithelial cells, a process involving several
steps: entry, escape from the phagocytic vacuole, intracellular
spread, and passage into neighboring cells via protrusions (28).
Genes essential for invasion are encoded by three contiguous
operons—ipa, mxi, and spa—in a 31-kb pathogenicity island on
a 220-kb virulence plasmid (13, 17). When the bacterium con-
tacts the epithelial cell surface or responds to other environ-
mental stimuli, it secretes IpaB, -C, and -D through the type III
secretion apparatus constituted by the Mxi and Spa proteins
(28). The secreted Ipa proteins form a complex (21) that in-
teracts with the host cell, involving binding to the a3, integrin
and CD44 on the cell membrane (33, 35). This binding triggers
at least two major signaling pathways. The proto-oncoprotein
pp60“*“-mediated pathway induces tyrosine phosphorylation
of cortactin, a cytoskeleton-associated tyrosine kinase sub-
strate (9), and a small GTP-binding protein (Rho)-mediated
pathway leads to tyrosine phosphorylation of a 125-kDa focal
adhesion kinase, pp125”“X, and of paxillin (1, 36). As a con-
sequence, actin polymerization occurs at bacterial attachment
sites, which leads to cell cytoskeletal rearrangement, which in
turn leads to bacterial entry (35) by parasite-directed phago-
cytosis.

Once taken up, the bacteria rapidly destroy the phagocytic
vacuole and escape into the host cell cytosol, where they pro-
liferate (14). IpaB was first identified as the Shigella hemolysin
responsible for lysis of the phagocytic membrane. A nonpolar
ipaB mutant was unable to lyse erythrocytes or to escape from
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the phagocytic vacuole in macrophage-like J774 cells (14). A
recent study has shown that IpaC also plays an active role in
both entry and lysis of the phagocytic vacuole (5, 8). Further-
more, purified IpaC or IpaB alone is able to cause lysis of
calcein-loaded lipid vesicles, suggesting that both proteins in-
teract with the host cell membrane in vivo to fulfil the dual role
of inducing ruffling upon entry and lysis of the phagocytic
membrane thereafter (28).

Inside the epithelial cytosol, S. flexneri can move rapidly in a
random fashion by polymerizing actin, which forms a “comet
tail” behind the moving organism. This actin-based movement
is mediated by the 120-kDa outer membrane protein IcsA,
encoded by the gene borne by the virulence plasmid (25). IcsA
is expressed only at one pole of the bacterium, and its process-
ing requires a specific protease, SopA (11). IcsA was discov-
ered as a factor promoting tissue dissemination, and an ics4
deletion mutant was strongly attenuated (20, 30). Presumably,
actin-based movement provides a driving force for protrusion
formation when a moving organism collides with the inner face
of the cytoplasmic membrane (28). There is evidence that
protrusions form at the intermediate junction of epithelial
cells, where cadherin is a key molecule interacting with the
bacterium and its actin tail to lead to the formation of a rigid
protrusion structure (31). After a protrusion enters a neigh-
boring cell, the bacterium rapidly destroys the now double-
membrane-bounded compartment to lie free once more in the
host cell cytosol. Lysis of protrusions was thought to depend on
IcsB, also encoded by a gene borne by the virulence plasmid
(2). A recent study has shown, however, that a nonpolar icsB
mutant has no defect in spread and that the original insertional
mutation in the icsB mutant appears to have a polar effect on
Ipa protein expression (26). Furthermore, other recent studies
have shown that IpaB, IpaC, their specific molecular chaper-
one IpgC, and the Mxi-Spa secretion system are all required
for intercellular spread (24, 32). These studies suggest that
secreted Ipa proteins are most likely responsible for the lysis of
protrusion membranes.

We have been studying the role of the bacterial periplasmic
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or Relevant characteristic(s) Source or
plasmid reference
Strains
E. coli
XL-1 Blue recAl lac endAl1 gyrA96 thi hsdR17 supE44 rclAl (F' proAB lacl lacZAM15 Tnl0) A(ara-leuw) Pharmacia
araD AlacX74 galE galK phoA20
CC118 Apir thi-1 rpsE rpoB argE(Am) recAl \pir phage lysogen 11
JCB571 phoR mutant, zih-12::Tnl10 dsbA::mini-kan Tet" 4
S. flexneri
MI0TS Wild type, serotype 5, Str* 2
Sh4 dsbA::kan mutant, Str" Kan" 38
Sh42 dsbA33G Str* This study
Plasmids
pCVD442 Suicide cloning vector 11
pJYUI15 Derivative of pCVD442 for delivery of the dsbA33G mutation This study
pMMBO66 Broad-host-range plasmid with pfac promoter at the multiple-cloning site 27
pJYUS Derivative of pMMBG66 expressing functional recombinant DsbAHis This study
pBEJ18 Derivative of pMMB66 expressing nonfunctional recombinant DsbA33GHis This study

protein disulfide bond catalyst DsbA in Shigella pathogenesis
(38). This enzyme is required for oxidative folding of Spa32, an
outer membrane protein constituent of the Shigella type III
secretion apparatus which subserves Ipa protein secretion (34).
We have focused on the role of DsbA in intracellular processes
which follow initial cell entry, once organisms lie within the
glutathione-rich reducing environment of the cytoplasm (12).
Our previous work with the dsbA knockout mutant Sh4 re-
vealed a failure of bacterial spread from cell to cell and an
associated loss of virulence. The mutant was recovered in
greatly reduced viable counts from an infected HeLa cell
monolayer during a 4-h experiment, and transmission electron
microscopy revealed the cause to be disintegration of organ-
isms proliferating within intercellular epithelial protrusions
that fail to lyse and so to give rise to productive cell-to-cell
spread (38). The insertion of the kan cassette in dsbA to con-
struct Sh4 potentially altered expression of the adjacent gene
yihE, with which dsbA is partly cotranscribed (6). Growth of
Sh4 in vitro was significantly slower (doubling time, 56 min)
than that of the wild type (35 min) (our unpublished data), and
a concern remained that the phenotype reflected more than
simply loss of oxidoreductase activity. In order to resolve this,
we have now constructed a nonpolar DsbA active-site mutant,
Sh42, and used this to evaluate the effect of dsbA mutation on
Ipa secretion and cell-to-cell spread.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used are listed in Table 1. S. flexneri strains were routinely grown at
37°C overnight on tryptic soy agar (TSA) plates containing 0.01% Congo red.
Red colonies were inoculated into tryptic soy broth and grown to an appropriate
turbidity at 37°C with shaking (180 rpm) for subsequent experiments. Escherichia
coli strains were routinely grown at 37°C in Luria-Bertani medium (L broth or
1.5% L agar). Dithiothreitol (10 mM) was added as a supplement to TSA to
confirm dsbA mutants. Antibiotic supplementation, when necessary, was to the
following final concentrations: 100 pg/ml for streptomycin, 200 wg/ml for ampi-
cillin, and 50 wg/ml for kanamycin.

Plasmid construction. Red-Hot DNA polymerase (Advanced Biotechnolo-
gies) was used for PCR amplification. The oligonucleotide primers used for
amplification of the yihE-dsbA operon were OA1l (5'-CGTGTCTGTCTCAAG
AGTAA-3") and OB1 (5'-CCTTCAATATCCAGGTTAG-3'), derived from the
published E. coli sequence (GenBank accession no. X80762). The PCR product
was cloned and modified for construction of a dsbA33G mutant of S. flexneri as
described in Results. Primers used for amplification of the dsbA coding sequence
were dsbAl (5'-GGAATTCGGAGAGAGTAGATCATGAA-3") and dsbA3b

(5'-CCCGGATCCTTAGTGATGGTGATGGTGATGCGATCCTCTTTTTTT
CTCGGACAGATAT-3"), derived from the S. flexneri dsbA sequence (GenBank
accession no. D38253). The underlined bases encode a His, tail at the carboxyl
terminus of DsbA. The PCR product was cloned into pGEM-T (Promega) and
then subcloned into a broad-range expression vector, pMMBG66 (25). The result-
ant plasmid, pJYUS5, expresses high levels of recombinant DsbAHis when the
promoter ptac is induced by the addition of IPTG (isopropyl-B-p-thiogalactopy-
ranoside). pJYUS5 was subsequently subjected to site-directed mutagenesis using
a QuikChange kit (Stratagene) with the primers AG33EF (5'-CTTCTGCCCG
CATGGATATCAGTTTGAAG-3") and AG33ER (5'-CTTCAAACTGATATC
CATGCGGGCAGAAG-3"). The underlined bases in the primers were incor-
porated in order to replace codon Cys33 with Gly33 at the active site and to
introduce an EcoRYV site for screening of mutant clones. Thus, a clone, pBEJ18,
that was able to produce the nonfunctional protein DsbA33GHis was con-
structed.

Purification of recombinant DsbAHis and preparation of polyclonal antibody
against DsbA. A dsbA-null E. coli strain, JCB571 (4), was transformed with
pJYUS. The transformant was grown to exponential phase in L broth, and
expression of DsbAHis was induced by addition of IPTG to a final concentration
of 2 mM. After a further 2 h of incubation at 37°C, bacteria were collected by
centrifugation and the DsbAHis was purified from the periplasm extract using a
QIAexpress (nickel-nitrilotriacetic acid) system (Qiagen) under native condi-
tions. Purified DsbAHis protein was used to immunize a rabbit for preparation
of polyclonal antibodies (Immune System Ltd., Paignton, United Kingdom).
Polyclonal antiserum was obtained and absorbed with the null dsbA mutant Sh4
to abolish cross-reaction with other Shigella proteins, leaving a specific anti-DsbA
reagent with a titer of 1:3,000 for immunoblot assays.

Determination of the redox status of DsbA in vivo. Determination of the redox
status of DsbA in vivo was carried out as described by Kobayashi et al. (19).
Briefly, whole-cell proteins were precipitated by direct treatment of a culture
with trichloroacetic acid at a final concentration of 5% to avoid any subsequent
reduction of DsbA after cell disruption. Protein precipitates were washed once
with acetone and dissolved in freshly prepared solution containing 1% sodium
dodecyl sulfate, 50 mM Tris-HCI (pH 7.5), and 15 mM 4-acetamido-4'-maleimi-
dyl-stilbene-2,2'-disulfonate. Proteins were then separated by sodium dodecyl
sulfate-15% polyacrylamide gel electrophoresis without using any reducing re-
agent and transferred to nitrocellulose membranes. DsbA and its recombinant
derivatives (DsbA33G, DsbAHis, and DsbA33GHis) were detected either with
anti-DsbA antibodies followed by horseradish peroxidase (HRP)-conjugated
goat anti-rabbit immunoglobulin G (IgG) (DAKO) or with monoclonal anti-His,
antibody (Sigma) followed by HRP-conjugated rabbit anti-mouse IgG (DAKO)
and visualized by ECL (Amersham).

Activation and detection of secreted Ipa proteins. Activation and detection of
secreted Ipa proteins were carried out as described by Bahrani et al. (3). Briefly,
10° CFU were collected from mid-log-phase cultures and resuspended in 1 ml of
phosphate-buffered saline (PBS) containing either Congo red (0.01%), fibronec-
tin (50 pg/ml), or laminin (50 pg/ml). The bacterial suspensions were incubated
at 37°C for 30 min or for a series of times to activate Ipa protein secretion.
Bacteria were spun down, washed once with PBS, resuspended in 100 wl of
sample buffer, and boiled for 5 min, and 10 pl was loaded on the gel. The
supernatants were passed through a 0.45-um-pore-size filter, and proteins were
precipitated with 10% trichloroacetic acid, washed with pure ethanol, dissolved
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FIG. 1. Expression of DsbA from S. flexneri. (A) Analysis of the redox status
of wild-type and mutant DsbA33G during laboratory growth. Lanes 1 and 2,
DsbA from MOO0TS, treated with reducing (lane 1) and nonreducing (lane 2)
buffer; lane 3, DsbA33G from Sh42 treated with nonreducing buffer. Anti-DsbA
polyclonal antiserum was used for the immunoblot. (B) Expression of recombi-
nant DsbA from plasmids during bacterial growth. Lanes 1 and 5, M90TS/
pBEJ18 (noninduced); lanes 2 and 6, M9OTS/pBEJ18 (induced); lanes 3 and 7,
Sh42/pJYUS (noninduced); lanes 4 and 8, Sh42/pJYUS5 (induced). DsbA in lanes
1 to 4 was detected by anti-DsbA antiserum and in lanes 5 to 8 was detected by
anti-His, antibody (Sigma). red, reduced form; oxi, oxidized form.

in 25 pl of sample buffer, boiled for 5 min, and loaded on the gel. IpaB and IpaC
were captured by the monoclonal antibodies H16 (anti-IpaB) and J22 (anti-
IpaC), respectively (22), followed by incubation with goat anti-mouse IgG con-
jugated with HRP (DAKO), and were visualized by ECL (Amersham). Immu-
noblots was scanned using an imaging densitometer (model GS-690; Bio-Rad)
for semiquantitation.

Infection of cultured cells. Plaque assays were carried out using CaCo-2 cells
according to the method of Oaks et al. (23). Infection of HeLa cells was per-
formed as described by Sansonetti et al. (30).

A

MO90TS

Sh42/pJYUS

Sh42/pJYUS
(IPTG)

FIG. 2. Plaque assays. CFU (10°) from each strain were used to infect CaCo-2 cell monolayers in a 35-mm-diameter culture dish. (A) Whole plates; (B) individual
plaques.
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Fluorescent labeling of infected HeLa cells and confocal laser scanning mi-
croscopy. Two hours postinfection, HeLa cells were washed with PBS, fixed in
3.7% (wt/vol) paraformaldehyde for 20 min at room temperature, permeabilized
with 0.1% Triton X-100 for 10 min at room temperature, and blocked in 8%
bovine serum albumin overnight at 4°C. Rabbit antiserum against Shigella lipo-
polysaccharide (LPS) was used to capture bacteria, followed by secondary label-
ing with Texas red-conjugated goat anti-rabbit polyclonal IgG (Jackson). IpaB
and IpaC were localized with mouse monoclonal antibody H16 or J22, followed
by secondary labeling with fluorescein isothiocyanate (FITC)-conjugated goat
anti-mouse IgG (20). A confocal laser scanning microscope (LSM-510; Zeiss,
Gottingen, Germany) was used to scan a series of optical sections at <1-um
intervals. Pictures were processed using Adobe Photoshop software.

RESULTS

Construction of Sh42 expressing nonfunctional DsbA33G.
To avoid the problems of polarity theoretically contributing to
the attenuated phenotype of the dsbA-knockout strain Sh4,
site-directed mutagenesis was used to replace one of the cys-
teines crucial for catalytic activity (37). The dsbA locus (2,742
bp), including a complete upstream gene, yirE, and part of the
downstream gene orfB, was amplified from M90TS using the
primers OA1 and OBI and cloned into pGEM-T (Promega).
The resultant clone was subjected to site-directed mutagenesis
as described in Materials and Methods, creating a Cys33-to-
Gly33 substitution at the active site. A mutant clone was iden-
tified by endonuclease digestion at the novel EcoRYV site and
confirmed by DNA sequencing. The mutant clone with
dsbA33G was subcloned into pCVD442 to generate a suicide
plasmid, pJYU15, which was used in an allelic exchange to

Sh42/pIYUS
(IPTG)

MO90TS/pBEJ18
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FIG. 3. Localization of IpaB in S. flexneri-infected HeLa cells by double fluorescence labeling and confocal microscopy. (A to D) HeLa cells infected with M9OTS.
Arrows indicate protrusions containing a dividing bacterium; arrowheads indicate nondividing bacteria in protrusions. (E to H) HeLa cells infected with Sh42. Arrows
indicate protrusions containing Sh42. Other bacteria lie within the cell or on the surface. (A and E) Bacteria binding rabbit anti-Shigella LPS antiserum or goat
anti-rabbit IgG conjugated with Texas red. (B and F) Localization of IpaB with mouse monoclonal antibody H16 or FITC-conjugated goat anti-mouse IgG. Panels C
and G are phase-contrast images of the fields shown in panels A and B and E and F, respectively. (D and F) Overlays of A, B, and C and E, F, and G, respectively.

replace wild-type dsbA in M90TS by the method of Donnen-
berg and Kaper (10). An S. flexneri dsbA33G mutant, Sh42, was
first identified by its growth defect on TSA-dithiothreitol
plates, and its identity was confirmed by direct sequencing. In
vitro, Sh42 grew more rapidly than Sh4 (doubling time, 45
min), although still more slowly than the wild type.

The expression of mutant protein DsbA33G from Sh42 was
confirmed by immunoblotting using anti-DsbA antibodies (Fig.
1A). In the absence of added reducing agents, DsbA from
wild-type M90TS is found in the fast-migrating oxidized state.
In contrast, DsbA33G expressed from Sh42 migrated more
slowly, comparable to the speed of reduced DsbA, reflecting
the loss of one cysteine needed to form the internal disulfide
bond (4).

Functional DsbA is required for intercellular dissemination.
Like Sh4, Sh42 failed to elicit keratoconjunctivitis in guinea
pigs (data not shown), a virulence phenotype dependent on
intraepithelial growth and cell-to-cell spread. Sh42 multiplied
within the bacterial cytoplasm (albeit more slowly than the wild
type) but was retained in epithelial protrusions and (as previ-
ously reported for the mutant Sh4 [38]) disintegrated when
protrusions lysed, identifying a defect in cell-to-cell spread as
the basis for attenuation of virulence. To address the specific
role of DsbA in bacterial dissemination, we carried out a
plaque assay using cultured CaCo-2 cell monolayers. Sh42 was
unable to form plaques when it was not transformed with
cloned dsbA (data not shown) or when it harbored pJYUS in
the uninduced state (Fig. 2A). However, when the promoter
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FIG. 3—Continued.

ptac was induced by IPTG supplementation of the overlay
medium, Sh42/pJYUS formed plaques that were similar in size
and in numbers to those of M90TS (Fig. 2). As IPTG induction
resulted in an increase of DsbAHis expression from pJYUS
(Fig. 1B), it could be concluded that the elevated expression of
DsbAHis was responsible for restoration of bacterial dissemi-
nation. Furthermore, the IPTG-containing overlay also con-
tained gentamicin (50 pg/ml) and was applied after extensive
washing of the infected monolayers, which ensured that bac-
teria could not enter the cells after application of the overlay.
The elevated expression of DsbAHis from pJYUS, therefore,
played no role in bacterial entry, rather only permitting already
internalized bacteria to disseminate in the CaCo-2 cell mono-
layers. These data indicate that DsbA is necessary for intercel-
lular dissemination but is not crucial at entry, confirming our
previous finding that Sh4 penetrated HeLa cells with an effi-
ciency comparable to that of the wild type (38).

The effect of a mixture of functional (DsbAHis) and non-
functional (DsbA33GHis) DsbA on the dissemination pheno-

type was explored in this merodiploid system. S. flexneri M90TS
was transformed with pBEJ18 expressing DsbA33GHis. Under
noninducing conditions, M90TS/pBEJ18 formed tiny plaques,
visible only under the microscope (Fig. 2B). When induced by
the addition of IPTG in the overlay medium, M90TS/pBEJ18
was no longer able to produce even microscopic plaques (Fig.
1B).

Wild-type S. flexneri M90TS secretes Ipa proteins in protru-
sions in a DsbA-dependent process. Ipa proteins secreted via
the type III secretion system (24, 32) are required for Shigella
dissemination. As DsbA catalyzes the oxidative folding of
Spa32, a constituent of the type III machinery which is critical
for maintaining the function of the secretion system (34), we
have investigated whether there was a difference between
MO0TS and Sh42 in the secretion of Ipa proteins into protru-
sions. Confocal microscopy was used to examine HeLa cells
infected with M90TS or Sh42 after double fluorescence label-
ing to localize LPS and IpaB or IpaC. No fluorescence was
detected when labeled secondary antibodies were used alone
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or mismatched to the primary antibodies (data not shown).
Bacteria could be identified both associated with the cell body
(within the cytosol or on the surface) and within protrusions
(Fig. 3). In nearly 100 protrusions formed by M90TS, we ob-
served in each case substantial secretion of Ipa proteins at the
septation furrow of the dividing bacterium, closely resembling
in appearance the secretion of Ipa proteins in another context,
that upon contact of bacteria with the surfaces of epithelial
cells (22). Figure 3A to D show a typical protrusion. The
dividing bacterium within the protrusion has apparently accu-
mulated a large amount of LPS at the obvious septation fur-
row, where Ipa proteins were secreted, consistent with the
hypothesis that assembly of the secretion machinery is coupled
with LPS biosynthesis at this location (22). Such protrusions
stained for IpaC showed the same characteristics (data not
shown). Figure 3A to D also show protrusions containing non-
dividing bacteria, now only weakly stained for LPS and IpaB,
further indicating that secretion of Ipa proteins into protru-
sions is associated with bacterial division. In the case of Sh42,
although protrusions often contained dividing bacteria, in all of
50 protrusions examined, both LPS and Ipa proteins were
stained much more weakly at the septation furrows. Figure 3E
to H show a representative example. While the dividing bac-
terium in one protrusion (3F) has secreted very little IpaB, in
striking contrast, organisms apparently attached to the host
cell surface colocalize with a substantial quantity of the pro-
tein, strongly suggesting that the secretion of Ipa proteins
from Sh42 was specifically impaired in the protrusions. Lo-
cally secreted Ipa proteins are thus strongly implicated as
the effectors of protrusion lysis, in a process depending on
functional DsbA.

Ipa protein secretion from Sh42 is impaired in vitro. One
explanation for the failure of Sh42 to secrete Ipa proteins into
protrusions might be that stimuli there, while sufficient to trig-
ger release of Ipa proteins from M90TS, are insufficient to do
so for Sh42. To study this possibility, we examined secretion of
IpaB and IpaC in vitro in response to Congo red, fibronectin,
and laminin by the method of Bahrani et al. (3). Although
laminin appeared to be a weak stimulus, Congo red and fi-
bronectin stimulated massive secretion of IpaB and IpaC from
MO90TS in 30 min. In comparison, Sh42 secreted less Ipa pro-
tein than M90TS in response to each of the stimuli, although
fibronectin appeared to be more potent than others (Fig. 4a).
As the total intracellular Ipa protein contents of Sh42 and
MOI0TS were comparable (Fig. 4b), the reduction of secreted
Ipa proteins from Sh42 indicated an impaired secretion pro-
cess.

In a previous study, it was shown that Sh4 (dsbA::kan) can
efficiently secrete Ipa proteins in vitro (40). This now requires
qualification. In that study, Congo red was added to the culture
and bacteria were exposed to the compound for at least 1 h.
Under these conditions, Sh4 secreted a quantity of Ipa protein
comparable to that secreted by M90TS. Indeed, under the
same conditions, Sh42 can also secrete IpaB and IpaC to levels
comparable to those seen with M90TS (data not shown). How-
ever, in a kinetic study using Congo red as the secretion stim-
ulus, it took Sh42 120 min to secrete amounts of IpaB and IpaC
comparable to those that M90OTS secreted in 30 min (Fig. 4b
and c). Under these conditions, Sh42 responds to Congo red
significantly more slowly than M90TS. A defect operating com-
parably in vivo may form the basis for the trapping of dsbA
mutants in protrusions, resulting in defective intercellular dis-
semination.
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FIG. 4. Secreted Ipa proteins from S. flexneri in vitro. (a) Secreted Ipa pro-
teins in response to different stimuli. Lanes 1, 3, 5, and 7, M90TS; lanes 2, 4, 6,
and 8, Sh42; lanes 1 and 2, unactivated controls; lanes 3 and 4, Congo red-
activated samples; lanes 5 and 6, fibronectin-activated samples; lanes 7 and 8,
laminin-activated samples. IpaB and IpaC are indicated by arrows, and molec-
ular mass markers are indicated. (b) Kinetics of the secretion of Ipa proteins in
response to Congo red. Lane 1, secreted Ipa proteins from M90TS at 30 min;
lanes 2, 3, 4, and 5, secreted Ipa proteins from Sh42 at 30, 60, 90, and 120 min,
respectively; lanes 6 and 7, cell-associated Ipa proteins from M90TS and Sh42,
respectively. (¢) Semiquantitation of the secreted Ipa proteins shown in panel b
(lanes 1 to 5) by image densitometry.

DISCUSSION

Cell-to-cell spread via interepithelial protrusions is a pri-
mary virulence property of S. flexneri. This process depends on
bacteria entering the epithelial cytosol and proliferating within
cells, protrusion formation, and the lysis of the double-mem-
brane-bound protrusion vacuole to release bacteria into the
adjacent cell. The successful orchestration of this sequence of
events depends on a series of bacterial components. These fall
into two functional groups: products affecting the biogenesis of
IcsA, a bacterial actin polymerase that generates movement
(25), and those involved in synthesis or secretion of Ipa pro-
teins which are involved in epithelial membrane lysis (24, 32).
The first group includes IcsA itself (26); SopA, which is a
protease specific for the processing of IcsA (11); proteins in-
volved in synthesis of LPS (15); and outer membrane proteins
(7) which affect the processing or distribution of IcsA on the
bacterial envelope. The second group includes the Ipa proteins
themselves, their chaperone (24), components of the type III
secretion system (24, 32), and gene products which lead to
hypersecretion of Ipa proteins (16).

A wild-type DsbA background may be important for the
normal functioning of several of these gene products, but ex-



VoL. 68, 2000

isting evidence has suggested that, among them, Spa32 is pre-
eminent. This component of the type III secretion system,
involved in Ipa secretion and release, requires DsbA for fold-
ing to a functional form. Using a model experimental system
with a dsbA-knockout strain, Watarai et al. (34) suggested that
the disulfide bond catalyst was necessary for Ipa-mediated
Shigella virulence functions. However, the point in the patho-
genetic sequence of epithelial invasion and spread at which
DsbA plays its crucial role has not previously been established
directly. In their recent report (32), Schuch et al. have ele-
gantly demonstrated that Ipa proteins are necessary for epi-
thelial cell entry and that the Mxi-Spa type III secretion system
is required to support an intercellular spread function. The
inference that Ipa protein production in the protrusion is nec-
essary for spread is strong, but until now this has not been
explicitly demonstrated. Here we have shown that Ipa proteins
are produced in protrusions and that cell-to-cell invasion oc-
curs when the folding defect in Spa32 that depends on the
absence of DsbA is corrected. While at the epithelial surface,
bacterial-host cell contact triggers Ipa secretion, leading to
entry (22), our previous work has suggested that DsbA is not
necessary at this stage (38). In vitro also, the experimental Ipa
secretion stimuli Congo red and fibronectin lead to (slow) Ipa
secretion by Sh42 despite the absence of DsbA (Fig. 4). We
infer that under these conditions, and at the epithelial surface,
Ipa secretion takes place independently of Spa32. Shigella has
a conditional need for functional Spa32, requiring DsbA,
which is manifest within protrusions but not at the epithelial
surface.

The merodiploid experimental systems used in this study
support the suggestion that the more functional DsbA there is
available, the more likely it is that sufficient Spa32 will fold to
its functional form, in turn facilitating Ipa protein secretion. In
E. coli, mutant DsbA with the same Cys33 substitution forms
permanent disulfide bonds via its reactive Cys30 with DsbB, an
inner membrane protein responsible for recycling DsbA to its
active (oxidized) form (18). The excess of DsbA33G in IPTG-
uninduced Sh42/pJYUS5 or IPTG-induced MO90TS/pBEJ18
may in each case cause DsbB to react, preventing wild-type
DsbA from functioning normally. Glutathione in the reducing
host cell cytosol (12), which can penetrate the bacterial outer
membrane, creates a reducing redox potential that further
impairs oxidative protein folding in the bacterial periplasm.
This, however, does not apparently critically affect bacterial
proliferation in the host cell cytosol, but the survival of organ-
isms in protrusions is affected. On electron microscopic exam-
ination, while the dsbA mutant Sh4 was seen to divide in pro-
trusions, organisms apparently disintegrated as the enveloping
protrusion membranes lysed, which resulted in the frequent
observation of empty vacuoles in infected HeLa cells (38).
Furthermore, in contrast to an »wiM mutant whose intracel-
lular growth could be rescued by addition of bafilomycin (which
inhibits the host V-ATPase, preventing acidification of endo-
cytic vesicles) (32), dsbA mutants do not respond to bafilo-
mycin at all (J. Yu, unpublished data). These results suggest
that, apart from their defect in Ipa protein secretion, dsbA
mutants are vulnerable to unidentified bacterial or host cellu-
lar processes that lead to their disintegration together with that
of protrusion vacuoles.
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